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EP 2 880 190 B1
Description

[0001] The presentinvention relates to a method of production of magnetic properties Fe-Si grain oriented electrical
steels. Such material is used, for instance, in the manufacturing of transformers.

[0002] Imparting magnetic properties to Fe-Si grain oriented steel is the most economical source of magnetic induction.
From a chemical composition standpoint, adding silicon to iron is a very common way to increase electrical resistivity,
hence improving magnetic properties, and reducing at the same time the total power losses. Two families presently co-
exist for the construction of steels for electrical equipment: grain oriented and non oriented grain steels.

[0003] The so-called Goss texture {110} <001> conveys remarkable magnetic properties to the grain oriented steel
when the crystallographic plane {110} is, ideally, parallel to the rolling plane and the crystallographic direction <001> is,
ideally, parallel to the rolling direction. The latter rolling direction corresponds to the direction of easy magnetization.
[0004] Theferritic grains which constitute the matrix of Fe-Si grain oriented steels and have crystallographic orientations
close to the ideal {110}<001> are usually called Goss grains.

[0005] The following properties are used to evaluate the efficiency of electrical steels when it comes to magnetic
properties:

* The magnetic induction, expressed in Tesla, which will be called J800 in this document as a reference to its meas-
urement in an applied magnetic field of 800 A/m. Such value indicates how close the grains are to the Goss texture,
the higher the better.

* The core power loss, expressed in W/kg, measured at a specific magnetic induction expressed in Tesla (T) and
working rate in Hertz. The lower the total losses, the better.

[0006] A lot of metallurgical parameters may influence the above mentioned properties and the most common ones
are: the material texture, the ferritic grain size, precipitates size and distribution, the material thickness, the isolating
coating and an eventual superficial thermal treatment. Henceforth, the thermo-mechanical processing from the cast to
an eventual superficial thermal treatment is essential to reach the targeted specifications.

[0007] On a one hand, regarding high magnetic flux density sheets, EP 2 077 164 discloses a method of production
of grain oriented silicon grades with B10>1.90T using C: 0.010 to 0.075%, Si: 2.95 to 4.0%, acid soluble Al: 0.010 to
0.040%, N: 0.0010 to 0.0150% and one or both of S and Se in 0.005 to 0.1%, the balance being Fe and unavoidable
impurities. The bar produced after casting has a thickness ranging between 20 and 70 mm. One of the following elements
can be added in the chemical composition given above: Sb: 0.005 to 0.2%, Nb: 0.005 to 0.2%, Mo: 0.003 to 0.1, Cu:
0.02 to 0.2%, and Sn: 0.02 to 0.3%. The minimum temperature allowed before hot rolling is 1200°C. Such processing
route is rather energy consuming since keeping a bar above 1200°C or even 1250 °C after the cast would require more
energy even if the bar is immediately hot rolled.

[0008] On the other hand, US 2009/0301157 relates to a method and a system for the production of hot-rolled strip
silicon-alloy steel for further processing into grain-oriented sheets. The slab that is cast has a maximum thickness of
120 mm. The invention needs an intake temperature of the cast product into the hot-rolling line of at least 1200° C, and
preferably in excess of 1250° C. No chemical composition is disclosed since the invention refers to a method and a
system aiming at being multifunctional. The slab reheating, as mentioned before is an important step and is here twofold:
Afirst preheating stage takes place and is followed by an intensive heating stage. Such processing route is rather energy
consuming since the cast product shall be reheated in the intensive heating stage referenced as number 6 in the graph
of the system lay out in the document.

[0009] Further, WO98/46802 discloses ,a method of manufacturing of oriented grain sheets that uses the thin slab of
less than 100mm having composition C 50-350 ppm; Si 2.5-4.0; Mn 0.03-0.10; S 50-220 ppm; Cu 0.1-0.4; P < 0.1; Sn
0.05-0.20; Al 30-100 ppm; N< 60 ppm, remaining being iron and minor impurities, then the thin slab is hot rolled into hot
rolled strips thereafter the hot rolled strips are annealed before cold rolling. Cold rolling is done in at least two steps.
Then the cold rolled steel sheet undergoes the decarburization annealing. Such processing route is rather energy
consuming since the hot rolled strips is annealed before cold rolling as mentioned in claim 1.

[0010] In another patent application US2010/300583, a process for the production of grain oriented magnetic strip is
discloses in which continuously casted steel is directly hot rolled without being reheated before hot rolling, hot rolling is
done in two steps with an intermediate normalizing annealing in between. Thereafter the hot rolled steel undergoes an
optional annealing before cold rolling. The cold rolling is performed to obtain the Cold rolled steel sheet is then annealed.
The annealed cold rolled strip may be subjected to nitriding. The production route mentioned in US2010/300583 is
energy intensive as it performs two annealing only on hot rolled steel and also has an optional nitriding as mentioned
in Claim 1.

[0011] In another patent application EP 0709470A1 a production method of a directional electromagnetic steel sheet
from a steel slab having a composition 0.035 - 0.050% of C, 2.9 - 3.3% of Si, less than 0.015% of P, 0.011 - 0.017% of
soluble Al, 0.0080-0.012% of N, less than 0.007% of S, 0.06 - 0.18% of Ni and/or Cr, less than 0.32% of Mn, less than
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0.6% of Cu, and balance of Fe and other inevitable impurities and heating steel slab to a temperature of 1250 - 1320°C,
and carrying out a hot rolling and thereafter performing two-stage of cold rolling into a final thickness, including a
decarburization annealing between the two-stage of said cold rolling. Further coating the cold rolled steel sheet with an
annealing separator containing MgO as itsmain ingredient; and carrying out a finish annealing. In EP0709470A1 the
reheating temperature of the slab is high and may consume high amount of energy.

[0012] The present invention aims at providing a method of production of hot rolled Fe-Si steel sheet comprising the
successive steps consisting in:

- melting a steel composition that contains in weight percentage:

28<8i<4

0.4 <Cu<0.6,

0.05<Mn=<04,

0.001 <Al <0.04,

0.025<C<0.05

0.005 <N <0.02,

0.005 <Sn <0.03

"~ 8§<0.015

And optionally Ti, Nb, V or B in a cumulated amount below 0.02,
the following relationships being respected :

Mn/Sn <40,

20ZC/N<5.0

Al/N=>1.20

and the balance being Fe and other inevitable impurities

- continuously casting said steel to obtain a slab which thickness is not higher than 80 millimeters, so that, after the
solidification, said slab surface does not cool below 850°C for longer than 5 minutes,

- reheating of said slab up to a temperature between 1080°C to 1250°C for 20 minutes at least.

- subsequently, hot rolling said slab with a first thickness reduction taking place while said slab temperature is above
1060°C and last thickness reduction taking place above a finish rolling temperature of 950°C in order to obtain a
hot band,

- cooling down said band to a temperature ranging between 500°C and 600°C within less than 10 seconds, then

- coiling the hot band then,

- cleaning its surface,

- carrying out a first cold rolling step of the hot band with a cold rolling ratio of at least 60% without having previously
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annealed said hot band, then

- performing a primary recrystallization annealing step at a temperature T between 780°C and 920°C, the steel being
held at T4 for a minimum time t; of 2 minutes in an atmosphere composed of a mixture of hydrogen, nitrogen and
water vapor, then cooling to room temperature so as to obtain a steel carbon content below 0.004% and a primary
average grain size below 16 micrometers after the cooling,

- carrying out a second cold rolling step with a cold rolling ratio of at least 50% to obtain the cold rolled steel sheet
final thickness,

- depositing a layer of an isolating separator on the surface of said cold rolled steel sheet,

- the isolated cold rolled steel sheet goes through a secondary annealing in an atmosphere containing hydrogen and
nitrogen , the steel heating rate V1 being below 15°C per hour between 600°C and 1150°C, the sheet temperature
being held at a minimum temperature T, of 1150°C for a minimum time t, of 600 minutes, the annealing total time
being above 120 hours so as reduce the content for each of sulfur and nitrogen below 0.001 % and to have a
secondary average grain size below 15 millimeters,

- performing a slow cooling down to room temperature.

[0013] Copper content is between 0.4% and 0.6%.

[0014] Preferably, the sulfur content is lower than 0.010%.

[0015] In a preferred embodiment, the steel carbon content is between 0.025% and 0.032%.

[0016] Preferably, said slab is cast with a minimum speed of 4.0 meters per minute.

[0017] Reheating of said slab takes place in a temperature range between 1080°C to 1200°C and said Finish Rolling
Temperature is at least 980°C.

[0018] The precipitate structure formed after the steps of hot rolling, fast cooling and coiling leads to precipitation of
less than 60% of the Al (acid soluble Al), said precipitate structure does not contain AIN precipitates in the size range
between 5nm and 150nm at all.

[0019] Preferably, the grain oriented steel sheet is coated with insulation and tension coating based on colloidal silica
emulsion.

[0020] Preferably, after the primary annealing, the carbon content of the steel is below 0.0025%.

[0021] Ina preferred embodiment, after the primary annealing, the primary average grain size is below 10 micrometers.
[0022] In another preferred embodiment, after the secondary annealing, the secondary average grain size is below
10 millimeters.

[0023] In a preferred embodiment, the grain oriented steel sheet obtained by the method according to the invention
presents an induction value at 800A/m above 1.870 Tesla and a core power loss lower than 1.3 W/kg at a specific
magnetic induction of 1.7 Tesla (T).

[0024] A partmade of a grain oriented steel sheet according to the invention can be used to obtain a power transformer.
[0025] In order to reach the desired properties, the steel according to the invention includes the following elements.
[0026] First of all, it contains silicon between 2.8 and 4% so as to obtain the Goss texture and to j increase the steel
electric resistivity. If the content is lower than 2.8%, the high magnetic properties of the grain oriented steel and the low
core power loss value will not be reached. On the other hand, if the addition of silicon goes beyond 4%, cracking sensitivity
during cold rolling reaches an unacceptable level.

[0027] Sulfur content is strictly lower than 0.015% (150ppm) so as to avoid segregations near the center line of the
cast slab. These segregations damage the homogeneity of the produced hot rolled microstructure and precipitate dis-
tribution. In order to homogenise the sulfur concentration over the slab thickness, the slab reheating temperature would
have to be raised and the slab would have to be kept at high temperature for longer time, impairing productivity and
increasing production costs. In addition, if sulfur content is above 150 ppm, the purification stage during the High Tem-
perature Annealing (HTA), in which harmful elements like S, N and the likes are removed by interaction with a dry
atmosphere containing more than 75% of hydrogen, will become too long, impairing quality, productivity and increasing
costs. Indeed, this long purification stage is costly and it degrades the glass film quality. To decrease the appearance
risks of all these defects, preferably, sulfur content is lower than 100 ppm. Actually, during the holding, the hydrogen
concentration in the atmosphere should be above 75% in order to ensure the necessary metal purification by removing
the nitrogen and sulfur which are dissolved in the steel. This happens by interaction with the hydrogen atmosphere, up
to a level that the total nitrogen and total sulfur concentration in the steel is preferably below 100 ppm.

[0028] Coppercontentisbetween0.4to0.6%. Duringannealing, copper precipitates to produce nanometric precipitates
that may act as nuclei for the further precipitation of AIN. Copper is known to decrease the saturation polarization of the
metal and as a result the J800 target of 1.870T becomes unreachable for copper contents above 0.6%.

[0029] Manganese concentration should be higher than 0.05% to avoid cracking during the hot rolling stage. Further
Mn is added to control recrystallization. Mn concentrations exceeding 0.4% increase the alloying cost unnecessarily and
decrease the saturation magnetization, leading to J800 value under the target. Manganese is added to the steel in
content between 0.05 and 0.4%. This element precipitates with Sulfur to produce precipitates of MnS that may also act



10

15

20

25

30

35

40

45

50

55

EP 2 880 190 B1

as nuclei for the further precipitation of AIN. The minimum amount of Mn is therefore of 0.05%.

[0030] Tin (Sn)is a grain boundary segregating element which can be added to control the grain size of primary and
secondary recrystallized structure. Sn concentration should be at least 0.005% to be effective in avoiding excessive
grain growth during high temperature annealing and hence decrease the magnetic losses. When Sn concentration
exceeds 0.03%, the recrystallization becomes irregular. Sn content should therefore be limited to a maximum value of
0.03%. Tin content is between 0.010 % and 0.022 % in a preferred embodiment so as to serve as grain boundaries
segregating elements which reduce the grain boundary mobility. The grain growth would therefore be hindered. Tin can
be replaced by molybdenum or antimony.

[0031] The ratio of manganese to tin (Mn/Sn) shall be below or equal to 40 so as to control the grain size distribution
through the recrystallization, in a preferred embodiment: Mn/Sn <20.

The primary average grain size target is below 16 micrometers, preferably below 10 micrometers.

[0032] Aluminum is added in the steel in the range of 0.001 to 0.04% so as to precipitate with nitrogen, forming AIN
as an inhibitor of the grain growth during secondary recrystallization. The amount of Al refers to the acid soluble aluminum
which is the amount of aluminum not bound with oxygen. In order to have the suitable amount of AIN, aluminum must
be below 0.04% because above the control of the precipitation kinetic becomes more and more difficult. Al content must
be above 0.001% to have enough AIN.

[0033] Nitrogen must be in the range from 0.005 to 0.02% so as to form enough AIN precipitates. Nitrogen content
can not go beyond 0.02% due to undesired ferro-nitrides or carbo- nitrides formation, below 0.005% the quantity of AIN
is too low.

The weight ratio of aluminum to nitrogen shall be above or equal to 1.20 (AI/N>1.20), to have a favorable atomic ratio
of Al and N for the AIN precipitation kinetic and amount. The low amount of nitrogen compared to aluminum leads to the
formation of finer precipitates which are helpful for their inhibition role. Preferably, the ratio of Al/N is as follows: Al/N >1.5.
[0034] In presentinvention less than 60% of the acid soluble aluminum in the hot band is in precipitated form as AIN,
which precipitate structure does not contain AIN precipitates in the size range of 5nm and 150nm at all.

[0035] Regarding the carbon content, it has been verified that, at the hot rolling step, C concentration significantly
affects the hot band microstructure and crystallographic texture through control over the austenite amount during hot
rolling. Carbon concentration also affects the inhibitor formation as it prevents early and coarse precipitation of AIN
during hot rolling. The C content should be above 0.025% to form enough austenite to keep precipitates in solution and
to control the hot band microstructure and texture. A limit of 0.05 exists not to have a too long decarburizing step, which
would be an economical disadvantage since it slows down productivity. Preferably, the carbon content is between 0.025
% and 0.032% which concentration range has proven to yield the highest J800 values in the final product.

[0036] The ratio of carbon to nitrogen shall be between 2 and 5 (2 < C/N < 5) to guarantee that the J800 value is above
1.870 T. If C/N ratio is below 2, the austenite content during hot , rolling will be insufficient. Nitrogen being more soluble
into austenite that into ferrite will diffuse into austenite and not be finally uniformly distributed into the hot rolled micro-
structure, impairing an efficient precipitation with aluminum. On the other side, if the C/N ratio goes beyond 5 the
decarburization process might be long and difficult in case of high C or AIN formation insufficient if the nitrogen content
is too low. Preferably, the ratio of C/N is: 3 < C/N < 5.

[0037] Micro alloying elements such as titanium, niobium, vanadium and boron are limited and the sum of these micro
alloying elements does not exceed 0.02%. As a matter of fact, these elements are nitride formers which consume the
nitrogen needed to form aluminum nitride inhibitors as mentioned above, hence their content shall be consistent with
impurity levels.

[0038] Other impurities are: As, Pb, Zn, Zr, Ca, O, P, Cr, Ni, Co, Sb, B, and Zn.

[0039] The process according to the invention shortens the production workflow from the liquid phase steel to the
finished cold rolled steel sheet. The complete production process takes place continuously and the achievable slab
thickness range is between 1 mm to 80 mm.

[0040] The process according to the invention provides an excellent quality hot band as a primary material, in terms
of stability of the microstructure, texture and precipitates over the length and the width of the hot rolled coil. Furthermore
hot band annealing treatment is avoided due to the excellent quality of the hot band.

[0041] Indeed, the process according to the invention results in slab thicknesses up to five times less than conventional
slabs. The maximum slab thickness is 80 mm.

[0042] Itis essential to avoid that the slab surface temperature goes below 850°C for longer than 5 minutes so as to
avoid premature AIN precipitation. Such a precipitation would hinder AIN inhibition role capacity because they will get
coarser though the process and be useless down the metallurgical route during production. In such case another thermal
treatment to dissolve the precipitates and bring back precipitation elements such as nitrogen, for instance, into solution
would be necessary. This operation would require high temperature and long holding times for homogenization, impairing
productivity and increasing production cost. To achieve this, one solution is to select a minimum casting speed of 4
meters per minute. It is also one important feature of the invention to allow slab reheating -below 1200°C, this is a strong
cost saving feature for the invention.
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[0043] Afterwards, the slab is reheated at a minimum temperature of 1080°C for 20 minutes. Below 1080°C, the hot
rolling step might lead to a FRT under 950°C where precipitation of AIN will start to occur. Such early precipitation will
generate a decrease of favorable texture for Goss grain orientations and a decrease of inhibition forces. The inhibition
force being the overall Zener pinning force which is exerted by fine distribution precipitates on the grain boundaries to
prevent them from coarsening.

Reheating is used to homogenize the temperature in the slab so as to have the same temperature at every point of the
slab and dissolve potentially existing precipitates.

[0044] In the hot rolling mill, the fist reduction roll temperature entry shall be above 1060°C to avoid a FRT falling
below 950°C since there is no thermal energy input throughout the hot rolling stage from the entry to the last stand. If
the FRT is below 950°C, the texture will not be significantly affected but the inhibition force of precipitates will be too
weak and the J800 target of 1.870 T will not be reached with the invention chemical composition and processing route.
Atfter the finishing rolling step, a maximum timeframe of 10 seconds is given before starting the hot band cooling. This
cooling aims at avoiding the precipitation of coarse aluminum nitrides, those precipitates ought to be formed at low
temperatures.

[0045] Ideally, the FRT is above 980°C to maximize the inhibition force which will be stored in the matrix and be used
down the production route to trigger recrystallization and inhibition precipitations.

[0046] The coiling temperature takes place between 500°C and 600°C because out of this range, the targeted pre-
cipitates of the invention containing AIN will not have the proper distribution and size.

[0047] A hot rolled band is obtained at this step. The avoidance of the application of classical hot band annealing
process for grain oriented electrical steels production before the cold rolling step is an additional feature of the invention
with energy consumption benefits. The hot rolling step leads to a hot band with the following micro-structural features:
[0048] Any through thickness cross section cut of the hot band containing the rolling direction shows three equal parts:
two external symmetrical areas comprising equiaxed ferritic grains and the internal one covering one third of the thickness
which contains a mixture of small equiaxed and larger pancake grains.

[0049] Other particular characteristic of the hot band is that in the two external areas shear deformation textures like
the zeta fiber (110)[x,y,z] as well as the Cu (112)[-1,-1,1] are dominant, while in the internal third zone, the ® (001) [x,y,z]
and the a (u,v,w)[1,-1,0] fibers are the most dominant components.

[0050] Further particularity of the hot band quality lies in the presence of AIN precipitates formed during the hot rolling,
cooling and coiling steps. The partial precipitation of acid soluble aluminum in above mentioned AIN presents a special
feature: In a preferred embodiment, the precipitated structure does not contain aluminum nitride precipitates (AIN) with
sizes between 5 nanometers and 150 nanometers. Precipitates in this range coarsen too much in the subsequent
processing route and when the precipitates are coarse they have very poor inhibition capacity, the J800 value will
decrease and may fall below 1.870 T.

[0051] The hot band surface is cleaned using the pickling process or any alternative so as to remove any oxide layer
or any type of other residues of secondary scale

[0052] Subsequently, a first cold rolling process takes place; it is applied with at least 2 steps of passes and leads to
an intermediate thickness below 1 mm using a minimum cold rolling ratio of 60%. Lower deformation degrees would not
guarantee enough stored energy to activate and reach the upcoming desired recrystallization and precipitation levels
for the grain growth.

[0053] The first cold rolling step is followed by an intermediate annealing also called primary annealing or decarburi-
zation annealing in the invention as a single or multistep process, providing the primary recrystallization and the material
decarburizing. After the decarburizing, carbon content is preferably below 0.0025 %. Elements such as carbon and
carbides are pinning locations for the magnetic domain walls. In addition, the average grain size after the primary
annealing, must be below 16 micrometers because if the grains are coarse at this step, meaning they are above 16 pm,
an inheritage phenomenon will lead to even coarser grains with a significantly heterogeneous microstructure made of
small and big grains. The core loss will also increase significantly with grain sizes above 16 um for the primary recrys-
tallized structure.

[0054] This intermediate annealing T4, also called primary annealing, is carried out between 780°C and 920°C for a
minimum soaking time t; of 2 minutes. The slightly oxidizing atmosphere of the annealing is a mixture of hydrogen,
nitrogen and water vapor combined so as to decrease the steel carbon content below 0.004% in weight percent and the
primary grain size is kept below 16 micrometers. In a preferred practice of the invention, the carbon content is, at this
stage, kept below 0.0025% and the ferritic grain size is kept below 10 micrometers. Such combination improves the
primary texture which will be further cold rolled so as to have the best Goss texture to reach J800 above 1.870 Tesla
with the invention chemical composition and processing route.

[0055] Afterwards, the material undergoes a second cold rolling step with a minimum cold rolling ratio of 50% applied
with at least two steps of passes. Generally the thickness after the second cold rolling is between 0.21 and 0.35mm.
[0056] The next step consists in the deposition of an isolating separator coating, for example MgO based coating.
Such separator is applied on the surface of the secondly cold rolled electrical steel, after which the strip is coiled up.
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[0057] Subsequently, a high temperature annealing (HTA), also called secondary annealing, is carried out and per-
formed in an atmosphere made of a mixture of hydrogen and nitrogen. The heating rate from 400°C to 1150°C is below
15°C/s. Once the minimum soaking temperature T, of 1150°C is reached, a holding time t, of a minimum of 10 hours
takes place. After the holding, a slow cooling is carried out so that the total amount of the secondary annealing time is
superior to 120 hours. Once the secondary annealing is done, the sulfur and nitrogen content in the matrix is below
0.001% each and the average grain size of the steel is below 15 mm. In a preferred embodiment, after the secondary
annealing, the average grain size is below 10 millimeters. Such mean grain size minimizes the core losses since this
thickness dependant parameter increases sharply with grain size.

[0058] After the secondary annealing, insulation and tension coating is applied on the steel surface. It is based on
colloidal silica emulsion and guarantees an optimal tension as well as it improves the steel electrical resistivity.

[0059] The so called near highly grain oriented steel sheet according to the invention presents a steel with induction
level at 800A/m above 1.870 Tesla and core power loss under 1.3 W/kg.

[0060] The following examples are for the purposes of illustration and are not meant to be construed to limit the scope
of the disclosure herein:

[0061] The alloy chemistries are given in table 1. The cast were done using the process according to the invention to
produce slabs which thickness is below 80 mm. The heat number (Heat N°) identifies the different chemical compositions
from 1 to 10. Chemical composition elements in bold and underlined are not according to the invention.

Table 1: Chemical compositions (in weight percent) of the different alloys, bold and underlined are not according to
the invention

Heat Nr Cc Si Mn P S Cu Sn \' Nb Ti N B Al
1 0,032 | 3,10 | 0,21 | 0,008 | 0,003 | 0,48 | 0,024 | 0,00 | 0,00 | 0,01 | 0,009 | 0,000 | 0,01
2 0,038 | 2,97 | 0,23 | 0,009 | 0,005 | 0,49 | 0,020 | 0,01 | 0,00 | 0,00 | 0,010 | 0,000 | 0,01
3 0,032 | 3,10 | 0,21 | 0,009 | 0,004 | 0,47 | 0,027 | 0,01 | 0,00 | 0,01 | 0,009 | 0,001 0,01
4 0,030 | 2,85 | 0,22 | 0,009 | 0,005 | 0,48 | 0,022 | 0,01 | 0,00 | 0,00 | 0,010 | 0,000 | 0,01
5 0,030 | 2,85 | 0,22 | 0,009 | 0,005 | 0,48 | 0,022 | 0,01 | 0,00 | 0,00 | 0,010 | 0,000 | 0,01
6 0,030 | 2,85 | 0,22 | 0,009 | 0,005 | 0,48 | 0,022 | 0,01 | 0,00 | 0,00 | 0,010 | 0,000 | 0,01
7 0,035 | 3,07 | 0,22 | 0,008 | 0,003 | 0,48 | 0,018 | 0,00 | 0,01 | 0,00 | 0,012 | 0,000 | 0,01
8 0,068 | 2,94 | 0,20 | 0,012 | 0,004 | 0,49 | 0,004 | 0,00 | 0,00 | 0,00 | 0,012 | 0,001 0,02
9 0,041 | 3,03 | 0,20 | 0,007 | 0,004 | 0,48 | 0,004 | 0,01 | 0,00 | 0,00 | 0,009 | 0,001 0,01
10 0,041 | 3,1 0,2 | 0,0062 | 0,004 | 0,47 | 0,005 | 0,00 0 0,01 | 0,010 0 0,0158

[0062] Inthetable 2 below, the associated ratios of chemical composition elements are shown for heat numbers 1to 10:

Table 2: Chemical element ratios (bold and underlined are not according to the invention)

Heat Nr AlN Mn/Sn CIN Ti+Nb+V+B
1 1,74 9 3,8 0,009
2 1,21 12 3,6 0,013
3 1,47 8 3,4 0,014
4 1,20 10 3,0 0,015
5 1,20 10 3,0 0,015
6 1,20 10 3,0 0,015
7 111 12 2,9 0,013
8 1,44 46 5,7 0,010
9 1,68 47 4.8 0,015
10 1,61 44 4,2 0,009
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[0063] After the solidification, each cast slab surface does not cool below 850°C.

The process parameters undergone by each heat number (1 to 10) are shown in table 3 here below where:

* SRT (° C): is the slab reheating temperature. This temperature is held for a time above 20 minutes and below 1 hour.
» F1 is the temperature of the first thickness reduction.

* FRT (°C): is the slab finish rolling temperature where the last thickness reduction takes place.

* Coiling T (°C): is the coiling temperature

Table 3: Hot rolling parameters (bold and underlined is not according to the invention)

Heat Nr SRT: F1 FRT Coiling T°
1 1165 1110 988 567
2 1175 1111 956 566
3 1165 1104 988 567
4 1175 1110 962 561
5 1170 1106 957 581
6 1174 1110 963 566
7 1164 1133 966 552
8 1096 1038 969 569
9 1174 1105 957 569
10 1099 1100 927 578

[0064] After the coiling, the hot band surface is cleaned, and then a first cold rolling (above 60%) takes place. The
primary recrystallization annealing step has been carried out on each alloy (heat numbers 1 to 10) with T between 780
and 920°C for more than 2 minutes (t;) in an atmosphere made of a mixture of hydrogen, nitrogen and water vapor
followed by a cooling to room temperature. The carbon content of all alloys is below 0.004%.

Then a second cold rolling takes place (>50%) so as to obtain the final thickness of 0.3 mm for each steel alloy 1 to 10.
Finally, an isolating separator based on colloidal silica emulsion is deposited on the steel " surface then the steel un-
dergoes a High Temperature Annealing (HTA) cycle known per se: It is heated at a rate below 15°C per hour up to a
temperature comprised between 600 and 1150°C for more than 10 hours. Sulfur and nitrogen contents are below 0.001%
for all the alloys.

Measured grain sizes after primary recrystallization annealing step and secondary ’ annealing are shown in table 4 as
well as J800 and P1.7:

* DCA Gsize: is the grain size after decarburization annealing, i.e. the primary recrystallization annealing step. It is
expressed in micrometers.

* Final GSize: is the final grain size after the secondary annealing. It is expressed in millimeters.

e J800: is the magnetic induction, expressed in Tesla, and measured at a magnetic field of 800 A/m.

* P 1.7:is the core power loss, expressed in W/kg, and measured at a specific magnetic induction of 1.7 Tesla (T).
The core loss is measured according to standard UNI EN 10107 and IEC 404-2.

Table 4: primary and secondary annealing grain sizes and alloy properties of heat numbers 1 to 10 (bold and underlined
is not according to the invention)

Heat Nr Type J800 p1,7 DCA G size (um) | Fin Gsize (mm)
1 Invention 1,880 1,18 15,3 5,0
2 Invention 1,871 1,25 - -
3 Invention 1,878 1,18 - -
4 Invention 1,876 1,22 - -
5 Invention 1,875 1,23 - -
6 Invention 1,876 1,19 - -
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(continued)
Heat Nr Type J800 p1,7 DCA G size (um) | Fin Gsize (mm)
7 reference 1,864 1,19 - -
8 reference 1,838 1.79 - -
9 reference 1,854 1,26 - -
10 reference 1,840 1,30 10,8 14,2

[0065] As shown from table 4, heat N° 1 to 6 are according to the invention: Those heats present alloying element
compositions according to the invention. In addition, those have undergone process parameters according to the invention
and have yielded induction value at 800A/m above 1.870 Tesla and a core power loss below 1.3 W/kg at 1.7 Tesla.
They have been produced using the process according to the invention. The heat number 1 presents the best result in
terms of magnetic induction since it presents the preferred ratios of alloying elements.

[0066] References 7 to 10 are not according to the invention:

* Reference n°7 presents a ratio of Al/N below 1.20. As a consequence, the J800 value is below 1.870 Tesla.

* Reference n°8 presents carbon and tin contents outside of the range according to the invention. In addition, the
ratios of Mn/Sn and C/N are not according to the invention and, finally F1 is below 1060. As a result, the J800 value
is the worst one below 1.870 Tesla and the core loss is significantly above the maximum accepted of 1.3 W/kg.

* Reference n°9 presents tin content not according to the invention and the ratio of Mn/Sn is above 40. As a result,
the J800 value is below 1.870 Tesla.

* Reference n°10 presents chemical composition according to the invention but the ratio of Mn/Sn is above the
maximum limit of 40 and the FRT is below the limit, , as a consequence, the induction value J800 is below 1.870 Tesla.

[0067] Grain oriented FeSi steel sheets according to the invention can be profitably used for the production of trans-

formers with, for instance, J800 requirements between 1.870T and 1.90T.

Claims

1. A method of production of cold rolled Fe-Si steel sheet comprising the successive steps consisting in:

- melting a steel composition that contains in weight percentage:

2.8<8i<4

0.4<Cu<0.6,

0.05<Mn<04,

0.001 <A1 £0.04,

0.025 <C <0.05

0.005 <N <0.02,

0.005 <Sn<0.03
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S5<0.015

And optionally Ti, Nb, V or B in a cumulated amount below 0.02,
the following relationships being respected :

Mn/Sn < 40,

20<C/N<5.0

Al/N>1.20

and the balance being Fe and other inevitable impurities

- and producing a slab having thickness not higher than 80 millimeters, so that, after the solidification,
said slab surface does not cool below 850°C for longer than 5 minutes,

- reheating of said slab up to a temperature between 1080°C to 1200°C for 20 minutes at least,

- subsequently, hot rolling said slab with a first thickness reduction taking place while said slab temperature is
above 1060°C and last thickness reduction taking place above a finish rolling temperature of 950°C in order to
obtain a hot band,

- cooling down said hot band to a temperature ranging between 500°C and 600°C within less than 10 seconds,
then

- coiling the hot band wherein hot band Fe-Si contains less than 60% of acid soluble Al in precipitated
form, said precipitate does not contain AIN precipitates in the size range between 5nm and 150nm at
all then,

- cleaning its surface, then

- carrying out a first cold rolling step of the hot band with a cold rolling ratio of at least 60% without having
previously annealed said hot band, then

- performing a primary recrystallization annealing step at a temperature T, between 780°C and 920°C, the steel
being held at T, for a minimum time t; of 2 minutes in an atmosphere composed of a mixture of hydrogen,
nitrogen and water vapor, then cooling to room temperature so as to obtain a steel carbon content below 0.004%
and a primary average grain size below 16 micrometers after the cooling, then

- carrying out a second cold rolling step with a cold rolling ratio of at least 50% to , obtain the cold rolled steel
sheet final thickness, then

- depositing a layer of an isolating separator on the surface of said cold rolled steel sheet, then

- the isolated cold rolled steel sheet goes through a secondary annealing in an atmosphere containing hydrogen
and nitrogen , the steel heating rate V1 being below 15°C per hour between 600°C and 1150°C, the sheet
temperature being held at a minimum temperature T, of 1150°C for a minimum time t, of 600 minutes, the
annealing total time being above 120 hours so as reduce the content for each of sulfur and nitrogen below 0.001
% and to have a secondary average grain size below 15 millimeters, then

- Performing a slow cooling down to room temperature.

A method of production of cold rolled Fe-Si steel sheet according to claim 1 wherein the sulfur content is lower than
0.010%.

A method of production of cold rolled Fe-Si steel sheet according to claim 1 or 2 wherein the carbon content is
between 0.025% and 0.032%.

A method of production of cold rolled Fe-Si steel sheet according to any of claims 1 to 3 wherein, said slab is cast
with a minimum speed of 4.0 meters per minute.

A method of production of cold rolled Fe-Si steel sheet according to any of claims 1 to 4 wherein said Finish Rolling
Temperature is at least 980°C.

A method of production according to any of claims 1 to 5 wherein, the grain oriented steel sheet is coated with
insulation and tension coating based on colloidal silica emulsion.

10
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7. A method of production according to any of claims 1 to 6 wherein, after the primary recrystallization annealing, the
carbon content of the steel is below 0.0025%.

8. A method of production according to any of claims 1 to 7 wherein, after the primary annealing, the primary average
grain size is below 10 micrometers.

9. A Method of production according to any of claims 1 to 8 wherein, after the secondary annealing, the secondary

average grain size is below 10 millimeters.

10. Grain oriented steel sheet obtained by the method according to any of claims 1 to 9 presenting an induction value
at 800A/m above 1.870 Tesla and a core power loss lower than 1.3 W/kg at a specific magnetic induction of 1.7
Tesla (T).

11. Power transformer including a part made of a grain oriented steel sheet according to claim 10.

Patentanspriiche

1. Verfahren zum Herstellen von kaltgewalztem Fe-Si-Stahlblech, das die aufeinanderfolgenden Schritte umfasst,
bestehend aus:

- Schmelzen einer Stahlzusammensetzung, die in Gewichtsprozentsétzen enthalt:

0,05sMn <04

0,001 = Al <0,04

0,025=C <0,05

0,005=<N<0,02

0,005 <Sn <0,03

S<0,015

und optional Ti, Nb, V oder B in einer kumulierten Menge von weniger als 0,02,
wobei die folgenden Verhaltnisse gelten:

Mn/Sn < 40

2,0=sC/N=5,0

1"
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AI/N = 1,20,

wobei der Rest Fe und andere unvermeidbare Verunreinigungen ist,

-und Herstellen einer Bramme mit einer Dicke von nicht mehr als 80 Millimetern, so dass die Brammenoberflache
nach Verfestigung nicht fir Ianger als 5 Minuten auf unter 850 °C abkdhilt,

- erneutes Erhitzen der Bramme auf bis zu einer Temperatur zwischen 1080 °C und 1200 °C fiir zumindest 20
Minuten,

- danach Heizwalzen der Bramme, wobei es zu einer ersten Dickenverringerung kommt, wahrend die Bram-
mentemperatur Gber 1060 °C betragt, und es uber einer Endwalztemperatur von 950 °C zu einer letzten Di-
ckenverringerung kommt, um ein Warmband zu erhalten,

- Abklhlen des Warmbands auf eine Temperatur im Bereich zwischen 500 °C und 600 °C innerhalb von weniger
als 10 Sekunden, danach

- Wickeln des Warmbands, wobei Warmband-Fe-Si weniger als 60 % saureldsliches Al in prazipitierter Form
enthalt, wobei das Prazipitat sodann Gberhaupt keine AIN-Prazipitate im GréRenbereich zwischen 5 nm und
150 nm enthalt,

- Reinigen dessen Oberflache, danach

- Durchflihren eines ersten Kaltwalzschritts des Warmbands mit einem Kaltwalzverhaltnis von zumindest 60
%, ohne das Warmband zuvor getempert zu haben, danach

- Durchflihren eines primaren Umkristallisationstemperschritts bei einer Temperatur T4 zwischen 780 °C und
920 °C, wobei der Stahl fir eine Mindestzeit t; von 2 Minuten unter einer Atmosphére aus einer Mischung von
Wasserstoff, Stickstoff und Wasserdampf auf T, gehalten wird, danach Kihlen auf Raumtemperatur, um einen
Stahlkohlenstoffgehalt von unter 0,004 % und eine primare durchschnittliche Korngréf3e von unter 16 Mikro-
metern nach dem Kiihlen zu erhalten, danach

- Durchflihren eines zweiten Kaltwalzschritts mit einem Kaltwalzverhaltnis von zumindest 50 %, um die Enddicke
des kaltgewalzten Stahlblechs zu erhalten, danach

- Abscheiden einer Schicht eines isolierenden Trennmittels auf der Oberflache des kaltgewalzten Stahlblechs,
danach

- Durchfiihren eines sekundaren Temperns des isolierten kaltgewalzten Stahlblechs unter einer Atmosphére,
die Wasserstoff und Stickstoff enthalt, wobei die Stahlerhitzungsrate V1 unter 15 °C pro Stunde zwischen 600
°Cund 1150 °C liegt, wobei die Blechtemperatur fir eine Mindestzeit t, von 600 Minuten auf einer Mindesttem-
peratur T, von 1150 °C gehalten wird, wobei die Gesamttemperzeit Gber 120 Stunden liegt, um den Gehalt von
Schwefel und Stickstoff jeweils auf unter 0,001 % zu verringern und eine sekundare durchschnittliche KorngréRe
von unter 15 Millimetern zu erhalten, danach

- Durchfiihren eines langsamen Abkuhlens auf Raumtemperatur.

Verfahren zum Herstellen von kaltgewalztem Fe-Si-Stahlblech nach Anspruch 1, wobei der Schwefelgehalt unter
0,010 % liegt.

Verfahren zum Herstellen von kaltgewalztem Fe-Si-Stahlblech nach Anspruch 1 oder 2, wobei der Kohlenstoffgehalt
zwischen 0,025 % und 0,032 % liegt.

Verfahren zum Herstellen von kaltgewalztem Fe-Si-Stahlblech nach einem der Anspriiche 1 bis 3, wobeidie Bramme
mit einer Mindestgeschwindigkeit von 4,0 Metern pro Minute gegossen wird.

Verfahren zum Herstellen von kaltgewalztem Fe-Si-Stahlblech nach einem der Anspriiche 1 bis 4, wobei die End-
walztemperatur zumindest 980 °C betragt.

Herstellungsverfahren nach einem der Anspriiche 1 bis 5, wobei das kornorientierte Stahlblech mit einer Isolations-
und Spannungsbeschichtung auf Basis einer Emulsion von kolloidalem Siliciumdioxid beschichtet wird.

Herstellungsverfahren nach einem der Anspriiche 1 bis 6, wobei der Kohlenstoffgehalt des Stahls nach dem primaren
Umkristallisationstempern unter 0,0025 % liegt.

Herstellungsverfahren nach einem der Anspriiche 1 bis 7, wobei die priméare durchschnittliche Korngré3e nach dem
primaren Tempern unter 10 Mikrometern liegt.

12
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Herstellungsverfahren nach einem der Anspriiche 1 bis 8, wobei die sekundare durchschnittliche Korngré3e nach
dem sekundaren Tempern unter 10 Millimetern liegt.

Kornorientiertes Stahlblech, das mit dem Verfahren nach einem der Anspriiche 1 bis 9 erhalten wird, das einen
Induktionswert von 800 A/m Uber 1,870 Tesla und einen Kernleistungsverlust von weniger als 1,3 W/kg bei einer
spezifischen Magnetinduktion von 1,7 Tesla (T) aufweist.

Leistungswandler, der einen Teil umfasst, der aus einem kornorientierten Stahlblech nach Anspruch 10 hergestellt
wurde.

Revendications

1.

Procédeé de production d’'une téle d’acier au Fe-Si laminée a froid, comprenant les étapes successives consistanta :

- fondre une composition d’acier qui contient, en pourcentages en poids :

2,8<Si<4

04<Cu<0,6

0,05<Mn<0,4

0,001 <Al <0,04

0,025 <C < 0,05

0,005 <N <0,02

0,0056<Sn<0,3

S<0,015

et éventuellement Ti, Nb, V ou B en une quantité cumulée inférieure a 0,02, les relations suivantes étant
respectées :

Mn/Sn < 40

2,0<C/N<5,0

AN > 1,20,

le reste étant du Fe et d’autres impuretés inévitables,

- et produire une brame ayant une épaisseur non supérieure a 80 millimétres, de fagon qu’aprés la solidification
la surface de ladite brame ne refroidisse pas a moins de 850 °C pendant plus de 5 minutes,

- chauffer de nouveau ladite brame jusqu’a une température comprise entre 1080 °C et 1200 °C pendant au

13
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moins 20 minutes,

- ensuite laminer a chaud ladite brame avec une premiére réduction d’épaisseur qui alieu alors que latempérature
de ladite brame est supérieure a 1060 °C et une derniére réduction d’épaisseur qui a lieu a une température
supérieure a une température de laminage final de 950 °C afin d’obtenir une bande chaude,

- refroidir ladite bande chaude a une température située dans la plage comprise entre 500 °C et 600 °C en
moins de 10 secondes, ensuite

- bobiner la bande chaude, laquelle bande chaude au Fe-Si contient moins de 60 % d’Al soluble dans les acides
sous forme précipitée, ledit précipité ne contenant pas du tout de précipités d’AIN ayant une taille située dans
la plage comprise entre 5 nm et 150 nm, et ensuite

- nettoyer sa surface, puis

- effectuer une premiere étape de laminage a froid de la bande chaude avec un rapport de laminage a froid
d’au moins 60 % sans avoir recuit au préalable ladite bande chaude, puis

- effectuer une étape de recuit avec recristallisation primaire & une température T, comprise entre 780 °C et
920 °C, I'acier étant maintenu a T4 pendant un temps minimal t; de 2 minutes dans une atmosphére composée
d’'un mélange d’hydrogéne, d’azote et de vapeur d’eau, puis ramener a la température ambiante de fagon a
obtenir une teneur en carbone de I'acier inférieure a 0,004 % et une taille de grain primaire moyenne inférieure
a 16 micrometres aprés le refroidissement, puis

- effectuer une deuxiéme étape de laminage a froid avec un rapport de laminage a froid d’au moins 50 % pour
obtenir I'épaisseur finale de la tdle d’acier laminée a froid, puis

- déposer une couche d’un séparateur isolant sur la surface de ladite téle d’acier laminée a froid, aprés quoi

- latble d’acier laminée a froid isolée subit un recuit secondaire dans une atmosphére contenant de ’hydrogéne
et de I'azote, la vitesse de chauffage de 'acier V1 étant inférieure a 15 °C par heure entre 600 °C et 1150 °C,
la température de la téle étant maintenue & une température minimale T, de 1150 °C pendant un temps minimal
t, de 600 minutes, le temps de recuit total étant supérieur & 120 heures de fagon a réduire la teneur en chacun
parmi le soufre et 'azote a moins de 0,001 % et a avoir une taille de grain secondaire moyenne inférieure a 15
millimeétres, puis

- réaliser un retour lent a la température ambiante.

Procédé de production d’'une tdle d’acier au Fe-Si laminée a froid selon la revendication 1, dans lequel la teneur en
soufre est inférieure a 0,010 %.

Procédeé de production d’'une tole d’acier au Fe-Si laminée a froid selon la revendication 1 ou 2, dans lequel la teneur
en carbone est comprise entre 0,025 % et 0,032 %.

Procédé de production d’une tole d’acier au Fe-Silaminée a froid selon I'une quelconque des revendications 1 a 3,
dans lequel ladite brame est coulée a une vitesse minimale de 4,0 métres par minute.

Procédé de production d’une tole d’acier au Fe-Silaminée a froid selon I'une quelconque des revendications 1 a 4,
dans lequel ladite température de laminage de finition est d’au moins 980 °C.

Procédé de production selon I'une quelconque des revendications 1 a 5, dans lequel la téle d’acier a grains orientés
est revétue d'un revétement d’isolation et de tension a base d’'une émulsion de silice colloidale.

Procédé de production selon 'une quelconque des revendications 1 a 6, dans lequel, aprés le recuit avec recris-
tallisation primaire, la teneur en carbone de I'acier est inférieure a 0,0025 %.

Procédé de production selon I'une quelconque des revendications 1 a 7, dans lequel, aprés le recuit primaire, la
taille de grain primaire moyenne est inférieure a 10 micrométres.

Procédé de production selon 'une quelconque des revendications 1 a 8, dans lequel, aprés le recuit secondaire,
la taille de grain secondaire moyenne est inférieure a 10 millimetres.

Tble d’acier a grains orientés obtenue par le procédé selon I'une quelconque des revendications 1 a 9, présentant
une valeur d’induction a 800 A/m supérieure a 1,870 Tesla et une perte de puissance dans le coeur inférieure a 1,3

W/kg a une induction magnétique spécifique de 1,7 Tesla (T).

Transformateur de puissance comprenant une partie faite en une téle d’acier a grains orientés selon la revendication
10.
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